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Abstract. The effects of the wing skin distortion on the boundary layer
of a highly flexible wing are analyzed in a wind tunnel experiment using
infrared thermography measurements. Considerable differences in the
boundary layer flow are observed when comparing the sections of the
wing near the ribs, where the design shape of the wing is preserved, and
in between the ribs. At the spanwise locations between the ribs, the sec-
tional wing shape distorts and triggers boundary layer transition close
to the leading edge. The differences between the design behavior of the
wing and the experimental results of the boundary layer analysis demon-
strate the need for considering the skin deformation and its effects on
the boundary layer flow when designing highly flexible wings.

Keywords: Pazy wing · laminar separation bubble · differential
infrared thermography · wind tunnel test

1 Introduction

The Pazy wing is a recently introduced experimental benchmark geometry for
highly flexible wing studies [1]. The purpose of the benchmark model design
is to sustain very large deformations in wind tunnel experiments, with wingtip
deflections above 50% of the span, to provide experimental validation data for
the activities of the Large Deflection Working Group within the framework of
the third Aeroelastic Prediction Workshop1. Since the publication of the first
measurement data of the Pazy wing geometry, the data have already been used
as a reference in several studies that focus on the development of novel non-
linear aeroelastic prediction models [2,3]. The wing model, shown in Fig. 1, is
constructed from a 3D-printed chassis that forms the leading and trailing edges
as well as the ribs, which have a NACA 0018 cross-sectional shape. The stiffness
1 https://nescacademy.nasa.gov/workshops/AePW3/public/wg/largedeflection
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of the wing is mainly provided by an aluminum spar plate that is glued inside
the chassis. A thin Oralight iron-on film is used as the skin and is applied to the
chassis by thermal shrinking. This construction process does not preserve the
design airfoil shape between the ribs due to the flexibility of the foil and there-
fore locally alters the aerodynamic shape of the wing from the design shape.
The first experimental studies of the Pazy wing at the Technion were focused
on measurements of the structural dynamics [1], and did not include any dedi-
cated aerodynamic characterization that would permit the analysis of this shape
alteration effect.

Fig. 1. Pazy wing installed vertically in the wind tunnel test section at the Technion [1]

A further experimental study with an adapted version of the Pazy wing
geometry, the Delft-Pazy wing, has been conducted at TU Delft. This study was
focused on combined structural and aerodynamic measurements in the wind
tunnel using a particle tracking velocimetry approach [4]. Furthermore, surface
measurements with an infrared camera were conducted to analyze the boundary
layer on the wing. However, while the interpretation of the infrared thermogra-
phy measurement data is straightforward for steady attached flows, the analysis
of flows with separation is more challenging [5]. Additionally, the high degree of
flexibility of the wing exposes it to vibrations and thus unsteady flow conditions,
further complicating the analysis [6].

In this paper, the boundary layer on the suction side of the Delft-Pazy wing
is analyzed based on infrared thermography measurements. The purpose of this
study is to demonstrate and assess an experimental approach to describe the
effect of surface deformation on the aerodynamics of highly flexible wing struc-
tures. To support the analysis of the experimental data, a computational fluid
dynamics (CFD) analysis of the Delft-Pazy wing is performed to provide insight
into the expected flow patterns. Subsequently, the infrared measurements are
analyzed using state-of-the-art data analysis methods to infer the boundary
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layer state at different angles of attack in steady as well as oscillating inflow
conditions, produced by a gust generator.

2 Boundary Layer on the Delft-Pazy Wing

A CFD analysis using the DLR TAU-code [7] is performed to assess the aero-
dynamic differences that are expected to occur between the design shape of the
Pazy wing and the actual Delft-Pazy wing geometry that was used in the wind
tunnel tests. The first step in this investigation is to generate an accurate model
of the shape of the Delft-Pazy wing to be used in the simulations. This is achieved
by performing a 3D-scan of the wing in the laboratory, in unloaded conditions,
using a FARO Quantum Max scanner arm (maximum permissible error below
0.1 mm)2. The result of the shape scan is visualized in Fig. 2. Two cross-sectional
slices of the scanned geometry are shown, section I between two ribs and section
II on a rib, as well as one slice along the span at x/c = 0.25. The differences
between the outer shape of the Delft-Pazy wing to the design shape are clearly
visible, the maximum thickness of the wing section between the ribs is reduced
by more than 10% compared to the reference NACA 0018 airfoil.

Fig. 2. Shape scan of the outer geometry of the Delft-Pazy wing

The shape scan data is further processed by generating a smooth geometry,
correcting for imperfections of the shape scan due to gaps in the data, and after-
ward generating a grid for the CFD simulations. The CFD simulations are per-
formed using the Reynolds-averaged formulation of the Navier-Stokes equations
with the γ-model for boundary layer transition prediction [8]. Further details on
the implementation of the CFD simulations can be found in [9].

2 https://www.faro.com/en/Products/Hardware/Quantum-FaroArms

https://www.faro.com/en/Products/Hardware/Quantum-FaroArms
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In Fig. 3, the results from the CFD simulations in terms of the skin friction
coefficient distribution on the suction side at a chord-based Reynolds number
of Re = 340 000 and an angle of attack of α = 4◦ are shown. On the left are
the results for the design shape of the Pazy wing, and on the right, the results
obtained for the scanned geometry of the Delft-Pazy wing are shown.

Fig. 3. Comparison of skin friction coefficient distributions at α = 4◦ angle of attack

For the design shape, the flow is initially laminar, then separates at around
x/c = 0.3 and reattaches at around x/c = 0.45, as indicated by the black lines.
The increased skin friction level after the reattachment point indicates that tran-
sition to turbulence has occurred in the separated shear layer, thus forming a
spanwise uniform laminar separation bubble (LSB). For the actual Delft-Pazy
wing, a more complex boundary layer pattern is observed, with strong differences
depending on the spanwise location. Near the locations of the ribs, the design
airfoil is preserved well and the boundary layer flow closely resembles that of the
design shape, forming a laminar separation bubble with a reattachment point
around mid-chord. In between the ribs, the flow immediately separates down-
stream of the leading edge, at the kink in the sectional airfoil shape (originating
from the chassis design of the Pazy wing, see Fig. 2). The flow then reattaches in
a turbulent state at around x/c = 0.1 in the central part between the ribs. Closer
to the ribs, a spanwise flow component from the rib to the sagged areas occurs,
resulting in a pattern of consecutive separations in the chordwise direction. The
occurrence of this complex behavior is verified experimentally in the following.

3 Experimental Setup

The infrared thermography measurements were performed at the Open Jet Facil-
ity wind tunnel at Delft University of Technology, which has a 2.85m×2.85m test
section and a freestream turbulence intensity of around Tu = 0.5%. The Delft-
Pazy wing (chord c = 0.1m, span s = 0.55m) was mounted vertically in the
wind tunnel test section and subjected to an inflow velocity of U∞ = 18.3m s−1,
corresponding to a Reynolds number of Re = 122 000. The measurements were
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performed with a FLIR SC7300 infrared camera, which was acquiring thermo-
graphic images of the suction side of the wing with a resolution of 320× 256
pixels at a frame rate of 230 Hz, using an integration time of 250µs. The infrared
camera measured the infrared radiation emitted from the surface of the wing,
which is proportional to its surface temperature. To facilitate the analysis of the
boundary layer state on the wing based on the thermographic measurements,
the wing surface was heated above the temperature of the freestream with a
halogen lamp.

The experimental setup and its components in the wind tunnel are shown in
Fig. 4. The experimental conditions for the infrared measurements include steady
inflow at angles of attack in the range 0◦ < α < 14◦, as well as one test case with
unsteady inflow conditions at α = 5◦. With steady inflow, the wingtip reached a
maximum tip displacement of 16% of the span. To generate the unsteady inflow,
a gust generator was mounted upstream of the wing and operated continuously at
a frequency of 5.7 Hz, corresponding to a reduced frequency of k = fπc/U∞ =
0.1, and the amplitude of the sinusoidal inflow variation due to the gust was
αg = ±2.5◦. The wing responded to this gust inflow with a sinusoidal oscillation
with a small dynamic tip deflection amplitude of 1.5% of the span width, which
was in anti-phase with the gust excitation phase angle φ [4].

Fig. 4. Wind tunnel setup for the infrared thermography measurements

4 Infrared Thermography Data Analysis

The acquired infrared images are processed for the purpose of detecting of the
boundary layer state. The physical values of the surface temperature are not
required for this, hence no temperature calibration is performed and the data
is analyzed in terms of the infrared radiation in camera counts. The infrared
images are mapped onto the wing’s reference system to account for the (dynamic)
deflection of the wing by detecting the intersections of the ribs with the edges
of the wing. For the steady inflow case, the field of view of the infrared camera
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captures the full span of the wing. For each α, 100 images are taken for time-
averaging. In the gust response situation, the spatial resolution is increased by
capturing only a central region of the wing, covering 20% of the span.

The main features of a laminar separation bubble are the laminar separa-
tion, transition within the separated shear layer, and turbulent reattachment.
In steady inflow, these features can be extracted from thermographic measure-
ments by analyzing the chordwise temperature gradient [5]. Two examples of
this approach are shown in Fig. 5, using data measured in the wind tunnel at
α = 4◦ for the two sections shown in Fig. 2.
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Fig. 5. Examples for the boundary layer state detection, for steady inflow at α = 4◦

As the boundary layer thickness increases along the chord, the velocity gra-
dient at the wall decreases. The skin friction is proportional to the velocity
gradient and linked to the convective heat transfer through the Reynolds anal-
ogy. Therefore, the surface temperature is generally increasing with x for a wing
that is heated above the temperature of the freestream. However, a turbulent
boundary layer produces significantly larger skin friction values compared to a
laminar boundary layer at the same Rex. When transition occurs over a laminar
separation bubble, the surface temperature is maximal inside the bubble, where
the flow speed is lowest. The laminar-turbulent transition location is therefore
considered to be the position of the minimum of the chordwise temperature
gradient. The separation location can be determined as the position of the local
maximum of the temperature gradient upstream of the transition location. When
the flow reattaches, the chordwise temperature trend reverses from decreasing to
increasing again. The reattachment location is therefore the position where the
chordwise gradient becomes positive again. As observed in Fig. 5, the determi-
nation of the separation location with this approach fails when transition occurs
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very close to the leading edge (section I), as there is no local maximum of the
gradient. The detection of the reattachment is problematic when the laminar
separation bubble is located further downstream (section II) because the non-
uniformity of the external heating causes a reduction in the temperature increase
near the trailing edge. Due to the challenges with determining the separation
and reattachment locations, the quantitative results of this study are limited to
the transition location xtr, which is determined both on and between the ribs.

The aforementioned procedure can generally not be used in the case of
unsteady inflow conditions. Here, the instantaneous surface temperature dis-
tribution may not directly correspond to the boundary layer state, as it will also
be influenced by the thermal response of the surface material. To overcome this,
differential infrared thermography (DIT, [6]) is applied for the identification of
the unsteady transition location occurring on and next to the ribs of the wing.
This technique consists of the subtraction of two thermograms obtained closely
in time and the identification of unsteady features from the differential image.
The approach is illustrated in Fig. 6. The small time separation between con-
secutive frames makes the two intensity distributions almost identical, but the
application of DIT reveals a negative DIT peak linked to the transition process
in the separated shear layer of an unsteady laminar separation bubble [10].
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Fig. 6. Example of the identification of unsteady transition location using DIT

5 Results

The mapped and time-averaged thermographic images measured at eight angles
of attack α in steady inflow conditions are shown in Fig. 7. For α = 0◦, a region
of increased surface temperature is present between 0.55 < x/c < 0.75, which
is relatively uniform along the span (the decrease in overall temperature for
y/s > 0.75 can be attributed to the non-uniform external heating). The reduced
convective heat transfer in this region can be explained by the presence of a
laminar separation bubble. At α = 0◦, the spanwise variation of the sectional
shape of the wing has little influence on the boundary layer flow. However, as
α increases, these variations cause differences in the spanwise flow pattern. The
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main effect is a reduced surface temperature downstream of the kink near the
leading edge in the airfoil shape between the rib locations. The kink causes
the boundary layer to transition to turbulence, increasing the skin friction and
thus the convective heat transfer when compared to a laminar boundary layer
state. This effect sets in locally at individual spanwise locations at α = 2◦, it
is established along all spanwise sections at α = 4◦, and further increases with
increasing α. For very high values of α, the flow over the wing appears as fully
turbulent at α = 12◦, before at α = 14◦ the wing stalls, causing an increased
surface temperature at some sections of the span, in comparison to the turbulent
attached flow. The high infrared count regions in the bottom part of the wing
for the larger angles are measurement artifacts (reflections of the heat lamp).
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Fig. 7. Infrared images of the Delft-Pazy wing for 0◦ < α < 14◦

The quantitative values of the extracted boundary layer transition location
along the span are shown in Fig. 8. The locations of the ribs of the Delft-Pazy
wing are indicated as well, showing that the boundary layer transition is trig-
gered near the leading edge between the ribs for α ≥ 4◦. With increasing α
and thus increasing adverse pressure gradients on the suction side of the wing,
the transition location on the ribs moves gradually upstream and the region of
turbulent flow covers a larger fraction of the span.

For analyzing the unsteady test case, the mapped infrared images are ordered
in terms of the phase angle of the gust φ. Consecutive images are subtracted to
create DIT images, and the unsteady transition location is identified from the
mean DIT curve for 50 phase bins. This procedure is applied to every pixel row
along the span that is close to the ribs of the wing. Between the ribs, transition
remains approximately unaltered and close to the leading edge, as explained for
the static measurements. The DIT peaks measured along the cycle next to a
rib are shown in Fig. 9. Their sign changes depending on whether the transition
location is moving upstream or downstream. This causes the appearance of two
regions where no clear peak could be detected. To provide an estimation of the
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Fig. 8. Boundary layer transition location along the span for 0◦ < α < 10◦

full cycle, a sinusoidal fit is constructed using the experimental data. From there,
it can be observed that there is approximately a 10% lag between the motion and
the unsteady transition process. Extending the approach along the span gives
the unsteady transition fronts shown in Fig. 10, at five different phase angles
along the cycle. The results indicate that the unsteady conditions have no effect
in the region between ribs, while they induce variations in the transition location
of more than 20% of the chord on and next to the ribs of the wing.
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the span for the sinusoidal gust response

6 Conclusion

The boundary layer that develops on the suction side of the highly flexible Pazy
wing geometry was analyzed in this study based on infrared thermography mea-
surements obtained in a wind tunnel experiment. The complex behavior of the
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boundary layer, where laminar-turbulent transition occurs over a laminar sepa-
ration bubble, complicates the data analysis of these measurements with respect
to attached flow conditions, in particular when unsteady aerodynamic effects
have to be considered. Insights into the flow physics from a CFD analysis of the
wing geometry were therefore used to support the analysis and interpretation of
the experimental data. The laminar-turbulent boundary layer transition location
was determined for a range of angles of attack in steady inflow and for one test
case with unsteady inflow based on the infrared thermography measurements,
whereas the determination of the separation and reattachment locations of the
laminar separation bubble based on the experimental data was found to be more
challenging. The deformation of the wing shape that occurs between the ribs of
the investigated wing due to the flexibility of the wing skin causes considerable
differences in the boundary layer transition behavior across the span for posi-
tive angles of attack. Near the locations of the ribs, the behavior of the design
shape is preserved and a relatively long laminar separation bubble forms around
mid-chord, moving upstream with increasing angle of attack. Between the ribs,
the distorted airfoil shape produces a small region of separated flow close to the
leading edge, downstream of which the flow reattaches in a turbulent state. The
spanwise extent of this effect increases with increasing angle of attack. Because
this complex boundary layer behavior deviates strongly from the aerodynamic
behavior of the design shape of the wing, it is recommended to dedicate more
attention to preserving the sectional wing shape on highly flexible wing designs
in the future, with a particular emphasis on maintaining a smooth shape in the
region of the leading edge.
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